The properties of high-performance concretes obtained by the internal curing technique were studied in the fresh and hardened states. In some of the concrete mixtures, fine normal weight aggregates were replaced with lightweight aggregates (LWA) at 20 % vol. and ordinary portland cement was replaced by pulverized class F fly ash at 20 % by mass. Additionally, some mixtures were prepared including a shrinkage-reducing admixture, either as part of the mixing water or pre-soaked into the lightweight fine aggregates. The prepared concretes were subjected to degradation tests, such as accelerated carbonation and chloride ion deterioration. In addition, the reinforced concretes were analyzed through electrochemical corrosion tests with the linear polarization resistance technique. It was found that the internally cured concretes presented a mechanical resistance similar to those reported for the reference concretes (conventional concretes), but provided a higher resistance to carbonation, rapid penetration of chloride ions, and a lower chloride ion diffusion coefficient. The reinforcing steel structure in the internally cured concretes showed lower corrosion currents (I corr ) and corrosion potentials (E corr ) in comparison to the reference concretes. Therefore, the use of the internal curing technique in concretes with pre-soaking in either water or a solution of shrinkage-reducing admixture can be considered as a viable alternative to extend the service life of concrete structures in contact with harmful environments.
INTRODUCTION
Nowadays, there are many problems related to the deterioration of reinforced concrete structures caused by corrosion phenomena resulting from the penetration of chloride ions and carbonation. This deterioration has promoted significant research in concrete technology [1] [2] [3] . The processing of concretes based on conventional methods, has been considered inadequate for the construction of buildings exposed to severe corrosion environments (in terms of durability).
The curing process for concretes is directly related to the evolution of mechanical resistance, cracking, and durability [4, 5] . The influence of internal curing (IC) with water has been proved to give beneficial results against desiccation, shrinkage, and cracking, since IC maintains a high humidity level throughout the concrete and thus, improving the hydration, in accordance with some physical and chemical phenomena. Up to 50 kg/m 3 of internal curing water may be required to mitigate shrinkage phenomenon [6] [7] [8] [9] [10] . It was reported the development of a concrete based on expansive cements by the addition of saturated LWA as internal curing agents to provide internal water to the concrete. In other words, they applied the autogenous curing concept to supply water internally into the matrix of the concrete to minimize shrinkage [11] . Additional research works, have found that the internal shrinkage in concretes is eliminated by the partial replacement of normal weight aggregates by LWA (around a 25 % replacement) [12] .
The benefits of autogenous curing using LWA such as pumice have also been studied. The fraction of absorbed water available for the internal curing process using pumice is approximately 1, meaning 100 % efficiency [10] [11] [12] . It was claimed that the transport of water from pumice up to the interior of the cementitious matrix covered at least 4 mm from the source of the supplied water (the pumice surface) to the interior, enhancing the hydration process [13] .
Moreover, an important parameter to determine the effectiveness of autogenous curing is the porosity of the LWA. The structure/size of pores and the percentage of porosity in the LWA in highperformance concretes have a positive impact due to the barrier effect on the densification of the cement-based matrix between the LWA and cementitious paste. Therefore, the high porosity of LWA is a useful tool for mitigating the autogenous shrinkage and diminishing the internal porosity of concretes. A positive effect related to durability and hydration is reached by the development of a suitable porosity percentage.
Newer technologies propose the use of viscosity modifier additives, for example, VERDiCT (viscosity enhancers reducing diffusion in concrete technology) [14, 15] . These additives modify the pore solution viscosity, thereby decreasing the penetration of aggressive agents into the cementitious matrix. VERDiCT technology has been applied to high-performance concrete exposed against conditions of accelerated deterioration, accelerated carbonation under laboratory conditions, and carbonation in a natural environment [1, 15] . As a result of this implementation, an improvement in the mechanical and durability properties using partial replacement of fly ash for ordinary portland cement (OPC) was found [1, 2] . Chloride penetration and carbonation are both critical concerns for assuring the durability of a field concrete [16] [17] [18] [19] .
On this basis, methods have been proposed to design internal curing concretes, since the internal curing method is a beneficial technique for concretes with low water/cement ratios and concretes, that are accompanied by chemical shrinkage and self-desiccation due to the hydration of portland cement and the low permeability of the hydrated microstructures [3, 4, 8, 15, 20] .
Alternatively, a broad field of concrete technology is focused on water reduction to increase strength and improve durability. However, low workability and enhanced cracking at early ages due to contractions are also associated with lower water contents.
It was proposed to use chemical admixtures by the addition of cationic and anionic surfactants (HRWR) which improve the fluidity and workability of concretes [21, 22] . In 1983, one of the first research groups that developed shrinkage-reducing admixtures (SRA), established that SRA are typically organic compounds whose main purpose is to reduce the surface tension of the capillary pore solution to improve performance with respect to autogenous contraction and drying shrinkage [23] . Another research group studied the effects of SRA on the physical properties of normal concrete with 300 kg/m 3 cement contents, finding that the compressive strength may vary by ± 5 %, while some results showed a reduction of approximately 50 % to 60 % in drying shrinkage [24] . Also, it was studied the effects of SRA on high performance concretes (HPC) with silica fume. They concluded that after 28 d, the use of SRA increased the resistance by approximately 9 %. Besides, the SRA + silica fume combination contributed to a reduction of 52 % in drying shrinkage compared to mixtures with silica fume but without the addition of an SRA [25] . In 2010, the effect of hybrid curing methods using SRA and silica fume was studied. Their conclusions showed a decrease in contractions, as well as, improvements in mechanical resistance [26, 27] . Researchers claimed that SRA influence the reduction of the surface tension of the pore solution. In addition, SRA improves the performance against contractions for low w/c ratio mixtures. When the SRA dosage is increased by 1 %, 2 %, and 3% after a 60-day controlled cure, there is an improved performance against contractions with values of approximately 15 %, 30 %, and 48 %, respectively [28] . The effect of SRA on the autogenous contraction was studied, finding that SRA diminish the surface tension leading to a lower internal relative humidity. Also, he studied the reduction of water loss by evaporation when incorporating SRA. The conclusion showed that SRA reduces the water evaporation rate; thus, the concrete will remain more saturated, potentially increasing the degree of hydration of the cement [29] . This author also analyzed the performance of cement pastes with SRA at early ages, concluding that, in addition to reducing autogenous and drying shrinkage, SRAs increase both the pore solution viscosity (slowing diffusion) and the quantity of readily-freezable water in the pastes [30] . Recent studies have revealed that the use of SRA promotes the formation of portlandite over that of C-S-H gel, which further restricts the contraction. These admixtures features help to improve the properties in both the fresh and hardened states in concretes of high performance [31, 32] .
As it was shown, the use of chemical admixtures and supplementary cementitious materials in synergy with the internal curing and viscosity modifiers are being considered by investigators as emergent technologies to improve the properties of concretes [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Although the corrosion rate of steel bars in concrete structures has been extensively studied by electrochemical techniques , the literature does not provide enough quantitative information regarding the corrosion rate of steel bar in internally cured concrete. A research group investigated and predicted the service life of internally cured concretes, founding that the performance of high performance concrete structures can be substantially improved using LWA for internal curing, since it can reduce autogenous shrinkage, tensile stress development, chloride permeability, corrosion initiation, and corrosion propagation. However, these corrosion studies are not evaluated under electrochemical analytical techniques [74] [75] [76] [77] .
Considering the previously mentioned points, the present research work is a complement of a previous research [1, 56] , whose aim is directed to investigate the physical and mechanical properties, as well as the corrosion resistance by an electrochemical method, of high-performance reinforced concretes created by the internal curing method to meet the requirements for aggressive environments.
EXPERIMENTAL PROCEDURES

Materials and specimen preparation
The raw materials used are commercially available products, such as OPC with a cumulative median diameter (50 % pass particle size), d 50 LWA and PFA were characterized by optical and electronic microscopy using a JEOL JSM-6490LV microscope. Figures 1(a) and (b) show the internal porosity and morphology of the LWA. From this analysis, pores with diameters ranging from 0.70 µm to 2.8 µm, with an average pore diameter of about 2 µm were registered. Figure 1(c) shows the morphology and composition of the PFA.
Additives, such as a commercial full-range water reducing admixture (superplasticizer), and a commercial shrinkage-reducing admixture (SRA) were used. Table 1 shows the chemical composition of the raw material, obtained by X-ray fluorescence using an X EPSILON 3-XL. A w/c (water/cement) ratio of 0.4 by mass was used in the production of the high-performance concretes with a cement content of approximately 400 kg/m 3 . Concretes were fabricated in a mixer with a capacity of 90 L. Tables 2 and 3 show the mixture proportions of the concretes and their compositions respectively. After mixing, physical properties in a fresh state were evaluated. Tests were performed on concretes in a fresh state according to their volumetric weight (kg/m 3 ) (ASTM C138) [79] , assurance of slump (ASTM C143) [80] and air content (ASTM C173) [81] . Table 3 . Composition of concretes (mix proportions).
Description of elaborated concretes
R1
Concretes with normal weight aggregates, ordinary portland cement, water and High-Range Water-Reducing Admixture (HRWRA).
R2
Concrete with normal weight aggregates, partial substitution of ordinary portland cement by pulverized fly ash at 20%, water, and High-Range WaterReducing Admixture (HRWRA).
IC1
R1 concrete modified with a partial substitution of 20% of lightweight aggregate (LWA) by a fine aggregate of normal weight FLA.
IC2 IC1 concrete provisioned with Shrinkage-Reducing Admixture (SRA) in the mixing process.
IC3
IC2 concrete with the lightweight aggregates (LWA) saturated with ShrinkageReducing Admixture (SRA).
IC4
Concrete with normal weight aggregates, partial substitution of ordinary portland cement by pulverized fly ash at 20%, water, substitution of the FLA by LWA saturated with SRA.
After these tests, the fresh concrete was poured into cylindrical metal molds with dimensions of 75 mm × 150 mm, and 100 mm × 200 mm. During the first hour, the samples were maintained in an environment at 25 °C and 90 % RH.
Next, the samples were demolded after 24 h and placed to cure in water for 14 d. Each sample had a steel bar (composed mainly by ferrite and perlite phases) with a length of 150 mm and a diameter of 6.4 mm embedded in its center. The steel bars were characterized in accordance with the ASTM A370 standard [82] . The yield strength obtained was 361 MPa and the rupture strength was 555 MPa. The steel bars were cleaned with acetone prior to placement in the concrete. A 60 mm long exposure zone was established, which corresponds to the area that was embedded within the concrete. The rest of the bar was coated with corrosion resistant epoxy paint.
Mechanical testing (compressive strength and modulus of elasticity)
The compressive resistance was evaluated on cylindrical samples with dimensions of 100 mm x 200 mm at 14 d, 28 d, 90 d, and 180 d in accordance with the ASTM C39 standard [83] . An ELE International mechanical test machine was used to perform the compressive tests. The loading parameter during the compression test was 0.5 MPa/s. For each aging time, three samples were examined, and the median value was reported.
In addition, the modulus of elasticity was evaluated on cylindrical samples with dimensions of 100 mm × 200 mm at 14 d, 28 d, 90 d, and 180 d in accordance with the ASTM C469 standard [84] .
Water absorption
Water absorption measurements were evaluated according to the ASTM C642 standard (the standard test method for density, absorption and voids in hardened concretes) to estimate the permeability caused by the interconnected porosity of porous granular materials, which can be responsible for concrete degradation due to the infiltration of aggressive agents [85] . The water absorption evaluation was carried out in samples cured for 28 d and 90 d.
Rapid chloride permeability
Using a Nordtest BUILD 492 equipment, the chloride permeability of the concretes was evaluated following the ASTM C1202 standard (the standard test method for electrical indication of concrete's ability to resist chloride ion penetration) [86] . Cylindrical shape samples of 100 mm diameter elaborated according to the compositions given in Table 3 , were cut into sections with a thickness of 50 mm. The secctions were then coated with a setting epoxy resin and put into voltage cells in order to calculate the electric charge that passed through them. The cathodic terminal was connected to a 3 % NaCl solution and the anodic area to a 0.3 M NaOH solution. A 60 VDC potential difference was applied between the two sections during the measurement. The voltage and resistance between the cells were recorded every 30 min for up to 6 h. The current of the cell was calculated from the voltage measurements and the total passed charge was calculated using Eq. (1) (1) Where Q is the total charge passed through the sliced specimen (C) and I is the current (A) at n minutes after the voltage is applied. A cumulative charge passed a value of less than 2000 C is characterized as low chloride permeability, 2000 C to 4000 C is the medium level, and higher than 4000 C is defined as high chloride permeability. The penetration depth was measured after the test was finished. The sliced samples were split into two sections, and a 0.1 M AgNO 3 solution was sprayed onto the fracture surfaces. The penetrated zone was indicated by the change in color (to a brownish tone) of the fracture surfaces. For each concrete type, the total charge passed was measured from at least two sets of sliced samples and the penetration depth from 10 measuring points on each fracture surface.
Chloride diffusion
The chloride content and chloride diffusion coefficient of the concretes were evaluated using 100 mm × 200 mm cylindrical samples. After 14 d of curing, the cylinders were cut into sections with a thickness of 50 mm, and two samples of each concrete type were settled in a container with a NaCl solution prepared according to the ASTM C1556 standard [87] . The samples remained immersed in the exposure solution for 60 d. The chloride ingress is shown in figure 2a-d , where the silver nitrate sprayed on the concrete specimen, reveals the area without chlorides (brown area). After this, pulverized concrete samples were collected at depth increments from 1 to 16 mm, in accordance to the ASTM C1556 standard. Figure 2e shows the procedure for obtaining powder to evaluate the chloride diffusion coefficient in concretes. The chloride contents of the powder samples were measured using an 848 Titrino plus (Metrohm). An accurately weighted 3g sample was dissolved in 35 ml of distilled water and, after that, 0.9 ml of concentrated nitric acid was added. Finally, the whole sample was precisely measured. The chloride ions reacted with the acid of the liquid in an electrochemical reaction. An electrode was inserted into the liquid and the electrochemical reaction was quantified. The percentage of chloride was displayed directly on the LCD readout. The chloride diffusion coefficient for each sample was determined by fitting the data obtained in the chloride profile analysis to Fick's second law of diffusion.
Fick's second law of diffusion is best represented by a differential equation that describes how the concentration of diffusing species varies with time in a specific medium. For a one-dimensional diffusion phenomenon, the differential equation is as it follows:
From a dimensional analysis, it can be shown that the diffusion coefficient, D 0 , has units of length 2 /time. The chloride penetration distance is measured in mm and exposure time in terms of years.
If it is assumed that there is one-dimensional diffusion and that the chloride ion content at the surface is constant, a solution to Fick´s second law is as follows:
where C(x, t) is the chloride ion concentration at a depth, x, in mm from the exposed surface for an elapsed time, t, in years, since the start of chloride exposure, Cs is the chloride concentration at the surface, expressed as a % of concrete mass, Ci is the initial (or background) chloride concentration of the concrete, expressed as a % of concrete mass, erf is the error function (a special function related to the integral of a normal probability function), and D 0 is the chloride diffusion coefficient in mm 2 /year.
The experimental procedure for determining the chloride diffusion coefficient was taken from ASTM C1556 and some similar research works described elsewhere [87] [88] [89] .
Accelerated carbonation test
The accelerated carbonation test was determined at 25 °C and 10 % RH with a 4 % CO 2 concentration in the carbonation chamber. The concrete samples (70 mm × 50 mm) were cut into sections of 30 mm of thickness and a 1 % phenolphthalein solution was sprayed onto the fracture surfaces. After 1 min or 2 min, when the sample turned to a magenta color tone, the thickness of the colorless layer was measured and the average value of the measurements was then determined. The carbonated depth was measured, as a color change after 14 d, 28 d, 90 d, and 180 d of carbonation exposure in ten surfaces for each concrete type.
Corrosion current density (I corr ) from linear polarization resistance (LPR)
The potentiostatic linear polarization resistance (LPR) test method has been used to assess the corrosion rate in steel bar. Negligible corrosion is represented by a corrosion current density (I corr ) value of less than 0.1 µA/cm 2 , while a value greater than 0.3 µA/cm 2 is correlated with active corrosion. The corrosion current density was measured using the direct current LPR method with a lower potential. The resistance to polarization (R p ) was evaluated by conducting a linear polarization scan in the range of ± 25 mV of the open circuit potential at a scan rate of 0.2 mV/s.
The Rp was calculated using the Stern-Geary formula (see: Eq. 4).
Where β is the proportionality constant for the particular corrosion system (the value of β was taken as 26 mV, considering steel in active conditions) and I corr is the corrosion current density (µAcm 2 ) β was determined from the anodic and cathodic slopes of a Tafel plot (β a and β c ), respectively (see Eq. 5) [90] :
Corrosion current density, I corr , is the current per unit area at the corrosion potential. I corr can be used to calculate corrosion rate. If Eq. 4 is substituted in Eq. 5, corrosion current density in terms of polarization resistance can be calculated as (see Eq. 6):
Thus, the corrosion current can be used to calculate the corrosion rate using (Eq. 7) as:
Where I corr is corrosion current density, (A/cm 2 ), d, the density of the corroding metal (g/cm 3 ) and Eqwt, is the equivalent weight of the corroding metal in grams. [91, 92] For the LPR measurements, an electrochemical cell with three electrodes was used, with a working electrode (steel bar embedded in concrete), a reference electrode (electrode of saturated calomel (SCE), and an auxiliary electrode (a platinum counter-electrode). A potential in the interval of -20 mV to +20 mV was applied to the cell. A potentiostat/galvanostat (Autolab Instrument PG5 EV) was used to polarize the steel at a rate of 0.2 mV/s. The process of wet-dry cycling consisted of 11 cycles. In each cycle, the samples were exposed to chlorides by 3-d partial immersion in a 35 g/L NaCl solution, followed by 4 d drying period at 40ºC in a forced ventilation oven. After 20 weeks of exposure, the total chloride concentration near to the steel-concrete interface (around 1 cm of steel) was higher than permitted (4 % by mass of cement). Figure 3 shows the electrochemical measurement procedure. Tafel constants were utilized in the calculation of the corrosion current density. After 180 days of curing, IC1 again reached the highest compressive strength (52 MPa). This value resulted in mechanical improvements of 6.12 % and 4 % compared to those for R1 (49 MPa) and R2 (50 MPa). IC2 obtained the same compressive strength value as R2 (50 MPa) and a strength improvement of 2.04 % compared to R1. Finally, IC4 showed a resistance value of 45 MPa, which was again the weakest of all tested formulations.
RESULTS AND DISCUSSION
In general, the compressive strength results showed that the strength of IC1, which was made of porous LWA pre-soaked in water, was superior to those of R1 and R2. This formulation's strengths were also higher than those of IC2, IC3, and IC4, the latter being formulated with PFA. This compressive strength improvement may be due to an internal curing effect, since in porous LWA, moisture transfers from the aggregates to the cement paste, via a porous network and further stimulates a hydration reaction after a period of time [93] . In addition, the bond between the aggregates and the matrix is stronger in the case of LWA than in normal concrete. Cement paste penetrates into the aggregates because of their porous nature. Thus, there is a negligible interfacial transition zone between the aggregates and the matrix [94] . These phenomena increase strength. Figure 4(b) shows the modulus of elasticity results. From the analysis, it was found that the formulations with internal curing (IC1, IC2, IC3, and IC4) show a lower elastic modulus range than the reference concretes (R1 and R2) at both 28 d and 90 d. This phenomenon can be attributed to the lower density of the lightweight fine aggregates, as it is well known that the modulus of lightweight concrete is generally less than that of a comparable concrete prepared with normal weight aggregates. To corroborate this phenomenon, a petrographic analysis using a ZEISS Axio Zoom V16 optical microscope was completed. Figure 5(a) and 5(b) show the IC4 microstructure, where a higher densification in the interfacial zone between LWA and the cement paste is observed. This microstructural characteristic is probably due to the LWA desorption effect and perhaps the SRA chemical interaction with the C-S-H gel of the OPC. A homogenous distribution of LWA throughout the cementitious matrix and the physical interaction between LWA with the aggregates of normal weight CA and FLA were observed in the figure 5(c-f) .
The accelerated durability results of the tested concretes are shown in Figure 6 . Figure 6 (a) shows the results of the water absorption test only in mixtures with internal curing. After 28 d of curing, IC2 and IC3 obtained the lowest water absorption (8 %), while IC1 and IC4 obtained slightly higher values corresponding to 9 % and 10 %, respectively. After 90 d of curing, IC3 gave the lowest value (4 %), followed by IC2 with a water absorption of 6 %. IC1 and IC4 registered the same water absorption value (7 %). This behavior indicates that the cementitious matrices of the IC3 and IC2 concretes are denser than those for IC1 and IC4, which diminishes the infiltration of harmful agents.
The rapid chloride permeability results are shown in Figure 6 (b). According to ASTM C1202, concretes with transmitted electrical charges ranging from 2000 C to 4000 C can be considered as moderate permeability. Taking into account the above criteria, at an aging of 28 d, in general, all the concretes proposed are in this range; however, IC4 registered the lowest permeability (2400 C). After 90 d of curing, R1 and IC2 moved to the low permeability zone (2000 C to 1000 C) with charges of 1965 C and 1300 C, respectively. Once again, IC4 registered the lowest charge with 945 C. This value has placed this in the very low permeability zone (1000 C to 0 C), while R2, IC1, and IC3 stayed in the moderate permeability zone. Finally, after aging 180 d, only IC4 and IC2 resulted in a very low permeability (945 C and 673 C, respectively). R1, R2, and IC3 are in the low permeability zone. IC1 exhibited the poorest behavior against chloride ion penetration (2779 C) possibly due to the absence of SRA in this mixture. The concretes that showed better behavior were IC4, IC2, and R1. In the case of IC4 and IC2, where LWA with SRA additions were used, the synergic effect of LWA and SRA provides a good performance as the release of the SRA solution from the LWA into the surrounding cement matrix produces a pore solution of higher viscosity that will slow diffusion and electrical conduction [15] . concretes. For IC1, the value of D 0 decreased by 43 % from the R1 concretes and 50 % from the R2 concretes. For IC4, the value of D 0 decreased by 3.4 % from the R1 concretes and 16 % from the R2 concretes. It is clear that the LWA and SRA additions influence the reduction of chloride ion diffusivity, as observed in a previous study [56, 95] . Figure 6 (d) shows the measured carbonation depths, which generally increased with increasing exposure time. In the test results, the carbonation depth was lower in the IC2, IC3, and R1 concretes, meanwhile higher carbonation depths were observed in the IC1, R2, and IC4 concretes. The results indicate that in concretes, where LWA with the addition of SRA were used, as in the case of the IC2 and IC3 concretes, better resistance against carbonation was observed. In contrast, greater carbonation depths were observed in the R2 and IC4 concretes that contained fly ash, as these mixtures will contain less calcium hydroxide (following its pozzolanic reaction with the fly ash) to react with the carbon dioxide [1] . In a complementary study, the carbonation level in the concretes created using the internal curing technique was measured by the phenolphthalein test. The carbonation profile in Figure 7 shows a lower carbonation in the IC2 and IC4 samples. The magenta color of the samples corresponds to the non-carbonated zone of the concretes. The corrosion rate of the concretes is illustrated in Figure 8 (a). The IC1 and IC2 concretes exhibited the highest corrosion rates, followed by R1, with values of 1.58 mpy, 1.09 mpy, and 0.50 mpy, respectively. Lower corrosion rates were registered for the R2, IC3, and IC4 concretes. In the case of R2 concretes (0.06 mpy), the low corrosion rate can be attributed to the densification of the cementitious matrix, since it contains PFA in substitution for OPC. The IC3 and IC4 concretes registered the lowest corrosion rates with 0.13 mpy and 0.06 mpy, respectively. This behavior can be attributed to the increased pore solution viscosity due to the use of SRA, which result in lower chloride ion migration through the concrete to the reinforced steel. In addition, the results agree with those obtained from the electrochemical permeability and chloride diffusion tests. From these results, it is confirmed that the concretes with the most suitable properties against corrosion are those made with the use of the internal curing technique and the addition of SRA. Figure 8 (b) corresponds to the evolution of I corr , where it can clearly be seen that there is a similar behavior to that observed during the corrosion rate analysis. The concretes with the higher corrosion rates were found to be the R1, IC1, and IC2 concretes with values ranging from 1 x 10 [97] . Therefore, considering the value of corrosion rate in R2, IC3, and IC4 concretes, the steel bar is in low to moderate state, while the corrosion rate of steel bar in R1, IC1 and IC2 concretes is in high state.
From the E corr analysis in Figure 8 (c), it was found that the IC1 and IC2 concretes show the highest potential during the first analyzed cycles. As the cycles advanced, the R1 concrete showed a similar tendency as IC1 and IC2, where its corrosion resistance diminished with values above -0.3 V vs. SCE. The R2, IC3, and IC4 concretes showed a better behavior with values from -0.2 V to -0.05 V vs. SCE during all cycles. It is important to mention that the R2 and IC4 concretes contain PFA, an important parameter to be considered in the electrochemical behavior since increasing the content of PFA in the concrete results in a higher resistivity. The ASTM C876 standard [98] has determined three E corr levels to identify the corrosion probability of steel bar in concrete. That is, when E corr (vs SCE)>−0.20 V, the corroded probability of steel bar in concrete is less than 10%; when E corr (vs SCE)<−0.35 V, the corroded probability of steel bar in concrete is more than 90%; when it locates in the middle region, the probability is uncertain. Therefore, R1, IC1, and IC2 concretes are in the middle region, i.e. the corroded probability is uncertain, while for R2, IC3, and IC4 concretes, the corroded probability of steel bar is less than 10%.
Finally, the corrosion resistance of steel bar in internal cured concretes is attributed to a reduction of the porosity in the cementitious matrix due to an improved hydration, i.e. the interface zone between steel and concrete is densified avoiding the ingress of deleterious agents resulting from chloride permeation and carbonation process [75] . Therefore, the electrochemical polarization resistance technique enables the corrosion mechanisms to be monitored and therefore allows for an acceptable determination of the damage in the reinforced steel, thereby intrinsically determining what type of concrete provides a higher durability.
CONCLUSIONS
The IC1 concrete registered the highest compressive resistance due to an internal curing effect since this concrete contains porous LWA that allows moisture transfer from the aggregates to the cement paste via a porous network, stimulating a hydration reaction with sufficient aging. In addition, the concretes based on the internal curing technology show a lower elastic modulus range than the conventional concretes. These mechanical property tendencies can be attributed to low porosity caused by the internal curing, leading to higher densification of the cementitious matrix, and the reduced density of the LWA in comparison to normal weight sand.
The IC2 and IC3 concretes obtained the lowest water absorption after 90 d of curing, which reduces harmful agent infiltration. The concretes that showed better results in the rapid chloride permeability tests were IC4, IC2, and R1. In the case of IC4 and IC2, a synergic effect of LWA and SRA provides good hydration, leading to densification of the cementitious matrix and a pore viscosity increment that improves the permeation properties. The usage of LWA and SRA additions in the concretes, influences the reduction of chloride ion diffusivity in the range of 60 % to 40 % in comparison to conventional concretes. The carbonation depth was also lower in the IC2 and IC3 concretes. The reported values of the LPR tests show that R2, IC3, and IC4 are above -0.1 V, which corresponds to a passive corrosion state.
The corrosion rate tests showed a lower value for the IC3 and IC4 concretes. These results agree with the results obtained in the permeability and chloride diffusion tests. The evolution of I corr showed a similar behavior as that observed during the corrosion rate analysis. The IC3 and IC4 concretes exhibited lower corrosion rates with values below 5 x 10 -7 A/cm 2 . The E corr of IC3 and IC4 indicated a more stable behavior with values from -0.2 V to -0.05 V vs. SCE. As was observed, the synergic effect of LWA with SRA in the internal curing technology is efficient in prolonging the service life of reinforced concrete structures.
Pre-soaking the LWA in the SRA solution provided the best overall performance with respect to mechanical and transport properties in both concretes with and without fly ash substitution for cement. That is, IC4 performed in a superior manner when compared to R2 and IC3 outperformed R1, IC1, and IC2. This dual approach both increases the pore solution viscosity (SRA effect) and densifies the microstructure via enhanced hydration and a superior interfacial transition zone microstructure (IC/LWA effect).
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